Animal catechol O-methyltransferases and plant caffeoyl-coenzyme A O-methyltransferases share about 20% sequence identity and display common structural features. The crystallographic structure of rat liver catechol O-methyltransferase was used as a template to construct a homology model for tobacco caffeoyl-coenzyme A Omethyltransferase. Integrating substrate specificity data, the three-dimensional model identified several amino acid residues putatively involved in substrate binding. These residues were mutated by a polymerase chain reaction method and wild-type and mutant enzymes were each expressed in Escherichia coli and purified. Substitution of Arg-220 with Thr resulted in the total loss of enzyme activity, thus indicating that Arg-220 is involved in the electrostatic interaction with the coenzyme A moiety of the substrate. Changes of Asp-58 to Ala and Gln-61 to Ser were shown to increase K m values for caffeoyl coenzyme A and to decrease catalytic activity. Deletions of two amino acid sequences specific for plant enzymes abolished activity. The secondary structures of the mutants, as measured by circular dichroism, were essentially unperturbed as compared with the wild type. Similar changes in circular dichroism spectra were observed after addition of caffeoyl coenzyme A to the wild-type enzyme and the substitution mutants but not in the case of deletion mutants, thus revealing the importance of these sequences in substrate-enzyme interactions.
In plants, phenylpropanoid metabolism provides a large array of compounds involved in the development and interactions with the environment. Among these products are flower pigments, antibiotics termed phytoalexins that accumulate in diseased plants, signals implicated in the recognition of microbes, UV irradiation protectants, and building units of lignin (1, 2) . Lignin is the second most abundant organic polymer on Earth after cellulose. It provides rigidity to the plant cell wall, mechanical strength to tree trunks, and impermeability to plant vascular tissues (3, 4) . Phenylpropanoid compounds are also valuable compounds in the human diet. They have been reported to have antioxidant effects, vasodilatation capacity, and antiinflammatory and -cancer chemopreventive activities (5) (6) (7) .
Among the enzymes involved in phenylpropanoid biosynthesis in plants, two S-adenosyl-L-methionine (AdoMet) 1 -dependent O-methyltransferases (OMTs) catalyze the introduction of two methyl groups at positions 3 and 5 on the aromatic ring of monolignols, the lignin building units. Comparison of plant OMT sequences showed that they belong to two different families (8 -14) that display distinct expression patterns and substrate preferences (15) (16) (17) (18) . One OMT type is specific for esters of coenzyme A and is called caffeoyl-CoA OMT (CCoAOMT, Fig.  1 ) whereas the other type accepts as substrates the hydroxycinnamoyl-CoA esters, hydroxycinnamyl alcohol and aldehyde derivatives and free acid forms (such as caffeic acid). This second type has been dubbed caffeic acid OMT I (COMT I). Two plant OMTs belonging to this latter family, namely chalcone OMT and isoflavone OMT, have recently been structurally characterized (19) . To understand the structural basis of the high degree of specificity of plant CCoAOMTs for hydroxycinnamoyl-CoA esters, we constructed a three-dimensional model taking advantage of the structural conservation between plant CCoAOMT enzymes and animal OMTs whose three-dimensional structure is known.
In animals, catechol OMTs (CatOMTs) are important in the central nervous system where they metabolize levodopa and catecholamine neurotransmitters such as dopamine and adrenaline into inactive compounds (20, 21) . In the therapy of Parkinson's disease, a common neurodegenerative disorder, inhibitors of CatOMT are used in combination with levodopa to prolong the availability of levodopa to the brain of the patients (22) (23) (24) . The crystallographic structure of rat liver CatOMT has been solved (25, 26) (1VID in the protein data bank) and was used in the present work as a template to construct a homology model for the tobacco CCoAOMT, which shares about 20% identity and 49% similarity with the animal enzyme.
AdoMet-dependent methyltransferases originating from different kingdoms and methylating a large variety of substrates have been shown to share common structural features (26 -30) . CatOMTs from animal sources appear to be the methyltransferases closest to plant CCoAOMTs. Not surprisingly, most of the residues shown to interact with S-adenosyl-L-methionine and Mg 2ϩ cofactors in rat CatOMT crystals (26) are well conserved in plant CCoAOMTs that require the same cofactors. Concerning the phenolic acceptor substrates of animal and plant enzymes, catechol and caffeoyl-CoA have the same orthodihydroxy substitution on the aromatic ring although the CoA moiety is only present in the latter. Moreover, the CoA moiety has been shown to be essential to CCoAOMT activity since free * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. caffeic acid is not a substrate for the plant enzyme (18) . To determine which part of the caffeoyl-CoA molecule is crucial for CCoAOMT activity, truncated derivatives of caffeoyl-CoA were prepared and tested as substrates of tobacco CCoAOMT. The data enabled us to model the interactions of the protein with the CoA moiety of the thioester molecule, revealing two possible substrate binding sites. Site-directed mutagenesis of residues predicted by the model to be in close contact with the substrate, coupled with enzyme activity assays of the purified recombinant proteins, identified amino acid residues involved in the active site of the enzyme. Several mutant proteins in which one selected amino acid residue was substituted, were affected in enzyme activity. Moreover, deletions of the N terminus and of an internal loop present in the plant enzyme but not in animal CatOMT, were shown to abolish catalytic activity. All substitution and deletion mutants displayed circular dichroism (CD) spectra similar to that of the wild-type protein.
These data indicate that the mutations did not induce a gross perturbation of protein folding and the mutated residues play a major role in the binding of the substrate by the enzyme. Interestingly, all the enzymes but the N terminus deletion mutant displayed changes in their CD spectra in the presence of the caffeoyl-CoA substrate. These results indicate that a conformational change of the enzyme is induced by the o-diphenolic substrate and the protein N-terminal extension plays a critical role in this process.
EXPERIMENTAL PROCEDURES
Materials-Commonly used chemicals and reagents were of the highest purity readily available. Bradford protein dye reagent was purchased from Bio-Rad (Hercules, CA). Acid phosphatase (Type I: from wheat germ) and nucleotide pyrophosphatase (Type II: from Crotalus) were obtained from Sigma. Restriction enzymes and buffers were purchased from Biolabs (Beverly, MA) or Life Technologies, Inc. (Life Technologies, Cergy Pontoise, France). T4 DNA ligase and T4 polynucleotide kinase rATP were purchased from Life Technologies, Inc. Tritiated AdoMet (10 Ci/mmol) was obtained from PerkinElmer Life Sciences. Glutathione-agarose, isopropyl-1-thio-␤-D-galactopyranoside and AdoMet were purchased from Sigma. Tryptone and yeast extracts were from Difco laboratories (Sparks, MD). The anti-CCoAOMT antibodies were produced as described by Maury et al. (18) . Purified oligonucleotides used for mutagenesis and DNA sequencing were provided by Life Technologies, Inc. custom primers.
Bacterial Strains and Plasmids-Cloning in the pGEX-KG vector (Sigma) and polymerase chain reaction screening for positive clones were described by Martz et al. (17) . Protein expression was performed using E. coli strain TG2, a tetracycline-resistant strain derived from strain TG1 (Stratagene).
DNA Sequencing-DNA sequencing was performed by the method of Sä nger et al. (31) using the rhodamine dye terminator cycle ready kit with AmpliTaq DNA polymerase FS (PerkinElmer) and an Applied Biosystems DNA sequencer (model 373A).
Site-directed Mutagenesis-The mutations were carried out using the QuickChange TM site-directed mutagenesis kit of Stratagene. Unless otherwise indicated, standard molecular biology procedures were used. All mutations were introduced by PCR amplification of the entire expression plasmid using two mutated oligonucleotide primers. For substitution mutations, two complementary primers carrying the mutation were used. The sequences of the sense primers used for the substitution of the amino acid(s) indicated were the following, with the modified codons underlined and the nucleotide changes indicated in bold: W50L/N51W, 5Ј-GCAAAACACCCCTTGTGGCTCATGACCACC; R220T, 5Ј-GGCTGCT-GATTCAACAATCGAAATTTGCC; R198S/K199T/R202T, 5Ј-CCTGATG-CACCTCTTAGCACATACGTTACGTATTATAGAGATTTC; E40Q, 5ЈGC-CTGAGCCCATGAAACAGCTAAGAGAGATCACCGC; E43S, 5Ј-GCCCAT-GAAAGAGCTAAGATCGATCACCGCAAAACACCCC; K47A, 5Ј-GCTAA-GAGAGATCACCGCAGCACACCCCTGGAACCTC; D58A, 5Ј-CCTCAT-GACCACCTCTGCCGCTGAAGGGCAATTCTTGAGC; Q61S, 5Ј-CCTCT-GCCGATGAAGGGTCATTCTTGAGCATGCTTATC. For deletion mutations, sense and antisense primers were devised so as to hybridize to opposite strands of the expression plasmid outside the region targeted for deletion. The sequences of primers used for deleting the internal loop (Asn-186 to Ala-191) were: sense primer, 5Ј-CCACCTGATGCACCTCTTAGGAAAT-ACGTTAGGTATTATAGAG; antisense primer, 5Ј-CCATAGGGTGTTAT-CATACCCAATTAGTCCACCAATTTTGACC. For the N-terminal deletion (Met-1 to Leu-16) the primers used were the following: sense primer, 5Ј-AGTGATGCCCTTTATCAGTACATTCTTGAAACAAGCGTGTACCC; antisense primer: 5Ј-GTCTAGAATTCCACCACCACCACCGGAAATTCC-CGGGGATCCACGCGG.
Plasmid and polymerase chain reaction products were extracted and purified from agarose gels using kits purchased from Qiagen (Hilden, Germany). All mutations were confirmed by DNA sequencing of polymerase chain reaction products.
Expression and Purification of CCoAOMT Proteins-The pGEX-KG plasmids containing the wild-type or mutated CCoAOMT coding region were electroporated into TG2 E. coli strain. A 10-ml preculture was grown overnight at 37°C in 2ϫ yeast extract tryptone/glucose medium containing 2% glucose and 50 mg/l tetracycline and 100 mg/l ampicillin. This culture was used to inoculate 100 ml of fresh medium to which 1 mM isopropyl-1-thio-␤-D-galactopyranoside was added to induce protein expression. Cells were grown for 1 h at 42°C and then transferred at 25°C for 6 h. After centrifugation for 10 min at 4000 rpm the bacteria were resuspended in 5 ml of phosphate-buffered saline solution containing 1% Triton X-100, 2 mM EDTA, 0.1% ␤-mercaptoethanol, 0.2 mM phenylmethylsulfonylfluoride, and 5 mM benzamidine. Cells were lysed by two passages through a French Press (Aminco, Maryland). The bacterial lysate was centrifuged at 11,000 rpm for 30 min, the pellet discarded, and beads of glutathione-agarose (Sigma) were added to the supernatant containing soluble proteins. The fixation of proteins was carried out for 2 h at room temperature. Then, the beads were washed three times with cold phosphate-buffered saline, and the fusion protein was directly cleaved by incubation of beads with thrombin for 1 h at room temperature. The supernatant containing the recombinant CCoAOMT protein was concentrated on Centricon 10 concentrators (Amicon, Ranvers, MA). The different steps of purification were assessed by electrophoresis on a 12% SDS-polyacrylamide gel. Electrophoresis and immunoblotting were performed as described by Geoffroy et al. (32) . The amount of recombinant CCoAOMT protein in each sample was quantified by densitometry of bands on SDS-polyacrylamide gels stained with Coomassie Brilliant Blue R250 (Fluka, Switzerland).
Enzyme Activity Measurements-CCoAOMT activity was determined as described by Ye et al. (14) . Pig CatOMT (Sigma) and tobacco recombinant CCoAOMT were incubated with 40 M AdoMet, 200 M MgCl 2 , 2 mM dithiothreitol, and 40 M of the o-diphenolic substrate in 10 mM Tris-HCl buffer, pH 7.5. For K m determination, caffeoyl-CoA concentration varied between 30 and 300 M. The K m and V max values were calculated from the Lineweaver-Burk plots. The meta/para methylation ratio was determined after saponification of reaction products and separation of labeled ferulic and isoferulic acids by TLC on silica gel (Merck, Darmstadt, Germany) in a benzene/acetic acid/water (6:7:3, v/v/v) system (organic phase).
Chemical Synthesis and Purification of Substrates-Caffeoyl-CoA was prepared according to the method of Stöckigt and Zenk (33) with some modifications (34) and identified and quantified spectrophotometrically as described by Lü deritz et al. (35) . Dephosphocaffeoyl-CoA and caffeoyl-phosphopantetheine were prepared using phosphatase or pyrophosphatase (Sigma), respectively, according to the instructions of the manufacturer. The incubation products were then separated by TLC on cellulose (Merck) using n-butanol/glacial acetic acid/water Taking into account the sensitivity of the apparatus (⌬(⌬A) ϭ 10 Ϫ6 ), the polypeptide concentration and the optical path length of the cell, the precision of the measurements is ⌬([]) ϭ Ϯ 10 deg⅐cm 2 dmol Ϫ1 . Sequence Alignment-Sequence alignment and analysis was performed with GCG software (Wisconsin Package version 10.0, Genetic Computer Group, Madison, Wisconsin). In a first step, an alignment was produced automatically with the program Pileup using the default parameter values. This alignment was then modified by hand, using the program Seqlab, to improve the score in the C-terminal end where it was obviously inappropriate for three crucial residues (Asp-169, Asn-170, and Glu-199 in 1VID) that are known from the crystallographic structure to be involved in AdoMet binding. To improve the alignment, two gaps were introduced by hand in all the CatOMTs.
Three-dimensional Model Building-Modeling of CCoAOMT protein was carried out with the program Modeler (36) using sequence alignment data and 1VID coordinates. Residues from Asn-186 to Ala-191 and from Arg-205 to Leu-209 correspond to two insertions in the C-terminal part of CCoAOMT compared with the CatOMT protein ( Fig. 2A) . These segments, absent in 1 VID, were built by imposing special restraints on the Modeler program as detailed in the Results section. The AdoMet molecule, Mg 2ϩ ion, and the substrate aromatic ring bearing the two hydroxyls in the ortho position were kept in the same positions and conformations as seen in 1VID.
Modeling of Caffeoyl-CoA-Modeling of the CCoAOMT substrate into the homology model was done manually using program O (37) . We made the assumption that the aromatic ring of the caffeoyl moiety occupies exactly the same position as the 3,5-dinitrocatechol ring in the structure 1VID. From this starting point, keeping the aromatic ring in a fixed position and using only rotations along the pantetheine chain of coenzyme A (see Fig. 3C ), we docked the rest of the substrate molecule onto the surface of the protein.
RESULTS
Sequence Alignment-AdoMet-dependent methyltransferases of prokaryotic and eukaryotic origins share common sequence and structure motifs (26 -30) . In particular, animal CatOMTs and plant CCoAOMTs have similar molecular weight values, require Mg 2ϩ ions for activity, and methylate ortho-diphenolic substrates. Fig. 2 shows sequence alignment and secondary structure elements of four animal CatOMTs with seven CCoAOMTs representative of more than twenty sequences that have been cloned in various plant species. Amino acid residues that have been demonstrated to interact with AdoMet or Mg 2ϩ in CatOMT (26) appear well conserved in the plant enzymes. Together with the eight ␣-helices, the seven ␤-strands, and the typical ␣/␤ Rossmann fold found in both types of proteins (shown below the sequences in Fig. 2A ), functionally important residues are conserved and provide anchoring points for the alignment process. Along the OMT sequences, several conserved amino acid stretches have been previously detected and proposed as characteristic OMT signatures (8, 9, 11, 38) . Finally, it is worth noting that two internal regions and the N-terminal extension of CCoAOMTs are absent in rat CatOMT ( Fig. 2A) .
Model Building-From the sequence alignment of Fig. 2A , we constructed a three-dimensional model for the tobacco CCoAOMT using the crystal structure of the rat CatOMT (26) as template.
In AdoMet-dependent methyltransferases of animal or plant origin, the helices ␣4-␣8 and the parallel ␤-strands ␤1-␤5 are similar to the Rossmann fold found in alcohol dehydrogenase and implicated in NAD ϩ binding. The last residue of ␤1 of animal CatOMTs is Gly-66 and is conserved in all plant CCoAOMTs. In rat CatOMT the last residue in the ␤2-strand is Glu-90, which binds to the ribose hydroxyls of AdoMet (26) . In dehydrogenases this residue corresponds to an Asp residue as is also the case in all the CCoAOMT sequences ( Fig. 2A) . In all methyltransferases of known structure, the first five strands are parallel while the C-terminal part of the sheet contains two antiparallel ␤-strands (29). The last parallel strand, ␤-5, connects to helix ␣-8, which connects to the outside strand, ␤-6.
This overall structure has been demonstrated in the rat CatOMT and is also found in the tobacco CCoAOMT model (Fig. 2B) . The crystallographic study of rat CatOMT has shown that Met-40 orients the sulfur atom of AdoMet, with the electron-deficient methyl group pointing toward the nucleophilic hydroxyl of catechol (26) . The amino group of the methionine moiety of AdoMet has hydrogen bonds to Asp-141, to the main chain oxygen of Gly-66 and to the side chain oxygen of Ser-72. All these residues, which interact with the methyl group donor in the rat enzyme active site correspond to conserved amino acid residues in CCoAOMTs.
The Mg 2ϩ ion plays a major role in CatOMT catalytic activity. Inside the active site, Mg 2ϩ is coordinated to the side-chain oxygens of Asp-141, Asp-169, and Asn-170 and to both catechol hydroxyls. The sixth position of the magnesium coordination has been suggested to be occupied by a water molecule (26) . As for the residues involved in AdoMet binding, those interacting with Mg 2ϩ ion are conserved in the CCoAOMT sequences ( Fig. 2A) .
For CatOMT catalytic activity, the exact positioning of the ortho-diphenolic substrate to the methyl group of AdoMet is possible because of the binding of the two hydroxyl groups to the Mg 2ϩ ion. One substrate hydroxyl has an important hydrogen bond to the carboxyl oxygen of Glu-199 whereas the other is surrounded by three positively charged moieties, namely the Mg 2ϩ ion, the methyl group of AdoMet and Lys-144. Similarly to the residues implicated in the binding of AdoMet and Mg 2ϩ cofactors, Glu-199 and Lys-144 are conserved in all the plant CCoAOMTs ( Fig. 2A) .
In sum, the sequence conservation between CatOMTs and CCoAOMTs has allowed us to construct the homology model presented in Fig. 2C . Modeling of the CCoAOMT protein was carried out with the program Modeler (36) using the sequence alignment and the 1VID coordinates. No attempt was made to include residues from Met-1 to Leu-16 because of the lack of restraints; some residues (Leu-1 to Lys-13) do not have any counterpart in the rat sequence ( Fig. 2A) , while others (Ser-14 to Leu-16) correspond to CatOMT residues that are not ordered and invisible in the crystal and hence have no coordinates in 1VID. Residues from Asn-186 to Ala-191 and from Arg-205 to Leu-209 correspond to two insertions in the C-terminal part of CCoAOMT protein. The first segment which is inserted between strand ␤5 and helix ␣8, was built in the conformation of a long loop. The second segment from Arg-205 to Leu-209 is located just after helice ␣8, and we imposed special restraints into the Modeler program to build Arg-205-Val-208 into an helical conformation, thus extending ␣8 by one supplementary turn. AdoMet and Mg 2ϩ moieties were positioned as in 1VID and are presented in Fig. 2C together with the substrate aromatic ring bearing the two hydroxyl groups. At this stage, the lateral chain of caffeoy-CoA molecule could not be modeled due to the lack of information about the role of CoA moiety in substrate-enzyme interactions. Important clues concerning this point were obtained, however, from the comparison of substrate specificities of the CatOMT and CCoAOMT enzymes.
Substrate Specificities of CatOMT and CCoAOMT-Commercially available pig CatOMT and recombinant tobacco CCoAOMT purified from E. coli cells, were incubated in the presence of various putative substrates (Fig. 3) . Substrate specificities of the two enzymes were strikingly different. CatOMT efficiently methylated catechol and caffeic acid (Fig. 3A) while CCoAOMT did not (Fig. 3B ). Concerning CCoAOMT, previous studies have shown that the tobacco enzyme is specific for hydroxycinnamoyl-CoA esters and does not accept free acid forms as substrates (18) . To investigate which part of the CoA moiety is required for CCoAOMT activity, caffeoyl-CoA was hy-drolyzed by alkaline phosphatase or by pyrophosphatase, yielding 3Ј-dephosphocaffeoyl-CoA and caffeoyl-phosphopantetheine, respectively (Fig. 3C) . The caffeoyl-CoA hydrolysis products were purified by TLC (insert of Fig. 3C ) and tested as putative CCoAOMT substrates. Dephospho-CoA proved to be at least as good as a substrate for tobacco CCoAOMT as was caffeoyl-CoA itself (Fig. 3B) , indicating that the alkaline phosphatase activity present in leaves (34) does not affect CCoAOMT activity. In contrast, caffeoyl-phosphopantetheine was not a substrate at all (Fig. 3B) . These data indicate that the adenosine 5Ј-monophosphate moiety of CoA ester is necessary for enzyme activity, probably because it binds to the CCoAOMT protein. On the other hand, it is noteworthy that caffeoyl-CoA and its truncated forms as well as free caffeic acid, compounds that are all typical products of plants, are substrates for CatOMT, an animal enzyme (Fig. 3A) .
Putative Binding Sites for the CoA Moiety in CCoAOMT-We used the positions of the two hydroxyls of caffeoyl-CoA near the Mg 2ϩ , Glu-199, and Lys-144 residues as an anchoring points to search for residues that might interact with the adenosine 5Ј-phosphate moiety of the substrate molecule. From this starting point, we performed rotations along the pantetheine chain of coenzyme A (see Fig. 3C ) to dock the rest of the substrate molecule onto the surface of the protein. Two clefts on the surface of the CCoAOMT model represent two potential mutually exclusive sites for adenosine 5Ј-phosphate recognition and binding. In particular, the position of positively charged residues that may bind to the negatively charged oxygen atom of the phosphodiester bond have been examined. We hypothesized that the additional loop (Asn-186 -Ala-191), which is conserved in all CCoAOMTs and absent in CatOMTs (Fig. 2) has a crucial role in CCoAOMT-substrate interactions. Therefore we closely examined the two possibilities shown in Fig. 4 where the CoA moiety is in close contact with Arg-220 in one case (Fig.  4 , CoA atoms in black and bonds in gray) or with Arg-202, Lys-199, and Arg-198 in the other (Fig. 4 , CoA atoms in white and bonds in gray).
Site-directed Mutagenesis-Residues predicted from the model to interact with the substrate molecule were selected and substituted by site-directed mutagenesis. Deletion of the N-terminal extension and the Asn-186 -Ala-191 insertion, which is close to the active site were also made. Mutations were introduced as detailed in the "Experimental Procedures" and mutant and wild-type proteins were expressed in E. coli and purified by affinity chromatography as illustrated in Fig. 5A . Each mutant showed only one immunoreactive band at the position of the wild-type enzyme except for the mutant where the N terminus was deleted, which displayed a slightly higher electrophoretic mobility (Fig. 5B) . The purified enzyme preparations were used to test the effects of the mutations on catalytic activities and secondary structures of the enzymes.
The model predicts that substrate CoA chain docking to the CCoAOMT protein involves ionic binding between negatively charged substrate phosphate groups and either Arg-220, on one hand, or Arg-202, Lys-199, and Arg-198 on the other hand. (Fig. 4) . To discriminate between these two possibilities, we produced two mutated proteins, one with Arg-220 changed to Thr and a second in which Arg-202, Lys-199, and Arg-198 were simultaneously substituted by Thr, Thr, and Ser, respectively. As shown in Fig. 6 , the triple mutation did not affect enzyme activity, thus ruling out a role for one of the three mutated residues in catalytic activity. On the contrary, the replacement of Arg-220 by Thr resulted in the total loss of enzyme activity (Fig. 6) , thus demonstrating that the positively charged Arg-220 in the wild protein is responsible for the electrostatic at- traction of the caffeoyl-CoA substrate and is not dispensable for enzyme activity. As shown in Fig. 7 , other interactions could be inferred from CoA moiety docking in the Arg-220 pocket to refine the position of ribose and adenine. In particular, a few charged or polar residues, Glu-40, Glu-43, Lys-47, Asp-58, or Gln-61 could interact with the nitrogen atoms of the adenine or the oxygen atoms of the phosphate and pyrophosphate groups (Fig. 7) . These putatively interacting residues were mutated, and the effects of the mutations on enzymatic activity appeared sharply different (Fig. 6) . None of the individual changes of Glu-40 for Gln, Glu-43 for Ser, or Lys-47 for Ala substantially affected the activity level. In contrast, mutation of the Asp-58 residue into Ala and that of Gln-61 into Ser resulted in enzymes with significantly decreased activity (Fig. 6) . These data suggest that Asp-58 and Gln-61 indeed interact with the base as shown in Fig. 7A . The residual activity measured for these latter mutants was high enough to allow the determination of substrate affinity values. The mutations markedly decreased enzyme affinity since K m values of 640 Ϯ 350 M and 290 Ϯ 110 M were found for the D58A and Q61S mutants, respectively, compared with the wild-type value of 27.5 Ϯ 4.5 M (data not shown).
When the N-terminal extension or the Asn-186 -Ala-191 internal loop was deleted, the protein completely lost its catalytic activity (Fig. 6 ). These results demonstrate that these sequences specific to CCoAOMTs are needed for the activity of plant enzymes while animal CatOMTs are functional in their absence (Fig. 3) .
Circular Dichroism Spectra of the Wild-type and Mutant Enzymes-Circular dichroism (CD) spectra of the recombinant enzymes that were altered in catalytic activity were monitored to ascertain whether the corresponding mutations could cause important conformational changes in the protein (Fig. 8) . The CD spectra of substitution mutants with decreased enzyme activity, namely R220T, D58A, and Q61S mutants, are virtually superimposable (within the experimental precision) with both that of the wild type and that of the 6-residue deletion mutant resulting from the removal of Asn-186 to Ala-191. The two distinct minima at 208 nm and 222 nm are in good agreement with the ␣ϩ␤ class of the protein. Interestingly, deletion of the 16 N-terminal amino acids gives rise to a small but significant increase of the CD signal intensity at 208 nm. Our results indicate that none of these mutations causes a major change in the secondary structure of the enzyme despite the alteration of catalytic activity. As shown in Fig. 8B , the addition of caffeoyl-CoA substrate to the wild-type enzyme in the presence of AdoMet and Mg 2ϩ cofactors induces a decrease in the CD signal at 208 nm characteristic of a destabilization of the ␤-strand component. Similar behavior was observed for all the substitution mutants under the same conditions (Fig.  8C) . Interestingly a more pronounced effect of ␤-strand destabilization was detected in the case of the Asn-186 -Ala-191 internal loop deletion mutant. By contrast, the N-terminal deletion induced a stabilization of the ␤-strand component. These data suggest a particular role for the N-terminal amino acid sequence in the enzyme-caffeoyl-CoA interaction.
DISCUSSION
The structural identity between the active sites of CatOMTs of animals and CCoAOMTs of plants enabled us to construct a homology model for the plant enzyme based on the crystal structure of rat CatOMT (26) . Amino acids interacting with the AdoMet cosubstrate as well as those binding the Mg 2ϩ cofactor that interacts with the ortho dihydroxyls of the aromatic substrate appear to be well conserved, indicating a similar molecular mechanism for O-methylation by the two enzymes. It is likely that for CCoAOMTs as for CatOMTs an S N 2-type mechanism allows the biomolecular transfer of the methyl group of AdoMet to the oxygen of the hydroxyl situated in the meta position from the lateral chain. The Mg 2ϩ ion probably lowers the pK a of this hydroxyl group whereas the proton of the other hydroxyl is stabilized by the negative charge of Glu 199 carboxyl group. The phenolate ion makes a direct nucleophilic attack on the electron-deficient methyl of AdoMet (26) . The binding of CoA moiety to the enzyme is also likely to contribute to the exact positioning of the substrate and thus to the strict preference of the enzyme for O-methylation in the meta position. We have demonstrated that the para methylation product, isoferuloyl-CoA characterized as isoferulic acid by TLC after saponification of the incubation solution (not shown), represented less than 1-2% of the total methylated reaction products. It is interesting to note that a similar preference for the meta position has been demonstrated for tobacco COMT I, which methylates free caffeic acid (18, 39) . Modeling of the O-methylated dopamine in the active site of CatOMT showed that, when a methyl group transfer is performed, Lys-144 will repel the O-methyl ether group, thus favoring dissociation from the enzyme (26) . By analogy, we propose that a similar mechanism operates in CCoAOMT after formation of the feruloylCoA product.
CatOMT and CCoAOMT have strikingly different substrate specificities. Catechol is a substrate for the former and not for the latter whereas both enzymes methylate caffeoyl-CoA (Fig.  3) . Trp-38 has been suggested to play a crucial role in CatOMT activity by establishing hydrophobic contact with the aromatic ring (26) . All plant CCoAOMTs have an Asn residue in that position (Fig. 2) but its substitution by a Trp residue by sitedirected mutagenesis of tobacco CCoAOMT was not sufficient to confer the capability to methylate catechol (data not shown). Other structural differences thus may account for the distinct substrate preferences between plant and animal enzymes. For instance, tobacco CCoAOMT has a N terminus and one internal loop (Asn-186 to Ala-191) that are absent in CatOMT. Deletion of these parts of the CCoAOMT protein has been shown to abolish activity and this is probably not due to changes in secondary structure of the mutants, as indicated by the circular dichroism data (Fig. 8A) . However, the conformation changes induced by caffeoyl-CoA and revealed by CD in all the other enzymes were lost when the protein N terminus was deleted. It is worth noting here that pig CatOMT methylates caffeoyl-CoA despite the absence of the N-terminal extension of the protein (Fig. 2) , thus indicating that specific structural features of CatOMT allows substrate binding. The fact that the animal enzyme has the capability to methylate caffeic acid and various derivatives including the CoA ester, which are products of plant secondary metabolism, was unexpected. These results may indicate that, in animals, CatOMT activity, which occurs in different tissues (20, 21) , participate in the metabolization of plant products ingested in food.
Among the phenolic substrates, catechol (M r ϭ 110) and caffeoyl-CoA (M r ϭ 929) have quite different sizes due to the long lateral chain present in the CoA ester (Fig. 3) . Thus the CoA moiety offers the possibility of additional interactions with the protein. Biochemical studies using truncated caffeoyl-CoA as putative substrate for CCoAOMT demonstrated the crucial role of 5Ј-phosphoadenosine moiety in enzyme binding. Furthermore, modeling of caffeoyl-CoA in the active site revealed several putative binding sites for the CoA moiety. Mutational analysis of the amino acid residues presumed to participate in the substrate binding showed the importance of several of them for catalytic activity. Arg-220 is probably involved in electrostatic interactions with the negatively charged phosphodiester bond in the CoA ester molecule while Asp-58 and Gln-61 are probably involved in binding of the adenine base. However, whereas substitution of Arg-220 totally eliminated enzymatic activity, the mutations of Asp-58 and Gln-61 change the kinetic properties of the enzyme, which was still active although less efficient (Fig. 6) . Our data indicate an essential role of the coenzyme A moiety for caffeoyl-CoA recognition by CCoAOMT and catalytic activity, thus explaining the strict specificity of the enzyme for hydroxycinnamoyl-CoA esters (18) . The recent elucidation of the structures of chalcone and isoflavone OMTs has shown that, in another group of plant OMTs, protein dimerization plays an important role in substrate discrimination since the dimer interface contributes to the substrate binding site (19) . Similarly, the homo-or heterodimerization of OMT isoforms involved in alkaloid berberine biosynthesis has been shown to give rise to enzymes accepting new substrates (40). In contrast, CCoAOMTs behave as monomers in aqueous solutions (data not shown) and their exquisite selectivity for hydroxycinnamoyl esters of coenzyme A occurs through interactions with the CoA moiety of the molecule.
